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Abstract. Current education systems continue to be based predominantly on reductionist 
mindsets in which teaching is conducted on a subject-by-subject and module-by-module 
basis. Improvement is planned and implemented using a linear, causal, independent-
problem-to-solution approach, with very little consideration given to the 
interconnectedness among the various components and ideas involved in these complex 
knowledge systems. This situation presents a need to think about how understanding these 
connections can improve the learning of complex ideas. It also constitutes an opportunity 
to provide a multifaceted intervention for communities of learners, which would, itself, be 
a coordinated network of collaborative efforts to develop a network literate populace. In 
this paper, the authors describe addressing these issues through a multi-phase, multi-year 
approach to professional development with formal and informal educators; the outcomes 
of this work; and next steps. 
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1 Introduction  
While network science provides opportunities to develop many of the skills, habits of 
mind, and core ideas that are essential for today’s interconnected world [1] [2], they are 
neither addressed nor utilized in extant elementary/secondary education curricula nor 
teaching practice. However, theories of complex systems inform us of the possibility of a 
“phase transition” or “tipping point” induced by collective actions taking place on a 
dynamical network of interconnected components [3]. Through leveraging the 
connections in the network science research community toward the goal of developing 
and framing the needs of 21st century learners, the authors are cultivating such collective 
action. The plan is to strive for a tipping point through increased attention to, and 
involvement in, identifying the needs of these learners and the potential value of bringing 
network science to teaching. Specific to the purpose of this paper are efforts to facilitate 
the development of practices and resources with educators, and promote network thinking 
among K-12 students, teachers, and administrators through: developing curriculum 
materials, lesson plans, and practical learning resources for K-12 classrooms across all 
domains of knowledge; providing rigorous professional development opportunities for 
both formal (school) and informal (cultural institutions, camps, after-school and other 
community-based programs) educators; and increasing the awareness of the demand for 
network science education among researchers. 
This paper describes the trajectory of the development of models bringing researchers 
together with K-12 formal educators in order to introduce the educators to network 
science tools and concepts and the researchers to classroom challenges; to collaborate on 
using network thinking in K-12 classroom settings; to create network approaches to 
curriculum development; and to develop a path for mapping Network Literacy Essential 
Concepts and Core Ideas [4] to learning standards. 
2 Model I: Small Teams, Co-Learning 
This work began in 2010 with the NSF-funded Network Science for the Next Generation, 
also known as NetSci High, designed to address a skills gap between current teaching and 
learning and STEM practice [5]. The kinds of advanced skills needed by the 21st century 
workforce include: the ability to interact with and derive meaning from large amounts of 
data, and facility with visual representations, metaphors and reference systems for abstract 
large-scale spatial and dynamic data streams (necessary to see and make sense of patterns 
in complex data); and the ability to create and understand more sophisticated scientific 
models. (Higher-order thinking is needed to develop and interpret probabilistic and 
stochastic models to allow exploratory and inductive skills to be used to identify patterns 
and characterize behaviors across a wide range of differing environments and processes).	
Students in the STEM “pipeline” need to be prepared for this new reality as they enter 
tertiary education and the modern day workforce. However, exposure to these data-driven 
science skills is largely unavailable to most primary and secondary school students, 
particularly students in underserved communities. Such lack of access sends students 
down a path that misses important opportunities to fully participate in advances in modern 
society. NetSci High was developed to address this skills gap through a rigorous program 
of network science training and research. It is a regional educational outreach program 
designed to empower high school students and teachers to harness the power of network 
modeling and analysis, resulting in a more holistic, dynamic understanding of the 
“interdependence” among components and the evolution of relationships among various 
things around us. NetSci High provides interventions in STEM teaching and learning that 
directly address the need for twenty-first century skills while targeting female, minority 
and economically disadvantaged students. It provides an alternative and advanced 
pathway to develop rigorous skills-based curricula, resources and programs that utilize the 
rapidly growing science of complex networks as a vehicle through which students can 
learn computational and analytical skills for network-oriented data analysis, as well as 
how these skills can lead to breakthroughs in solving real-world problems. NetSci High 
explores innovative approaches that, as this work demonstrates, can capture the interest 
and imagination of underrepresented populations to explore science research problems 
using computational tools and methods [6] [7] [8]. 
The goal of NetSci High is to prepare and mentor teams of high school students from 
underserved communities to do yearlong original network science research projects. In the 
original design, the role of the high school teachers was intended to be as co-learners and 
facilitators with the students. The 
teachers would then transition to a 
mentorship role during the academic 
year. This structure was piloted in an 
immersive two-week summer 
workshop at Boston University in 
2012. Feedback from participants in 
the workshop revealed that the 
comfort level of teachers was very 
low, as they were accustomed to 
being the authority in the classroom 
and found the experience of co-
learning with students to be a barrier 
to their learning. As a result, it was 
modified for the 2013 project year, with a three-day teacher workshop designed and 
executed to precede the student workshop in order to provide a preparatory experience for 
teachers that would allow them to more effectively mentor students during their workshop 
experience [9]. It became clear as an outcome of this project that approaches for training 
teachers to mentor network science research differed from those used with students.  
Summative project evaluation at the end of the 2015 project year used a mixed 
method, post hoc model suited to the generative nature of the project [10]. It included 3 
open-ended questions intended to elicit teacher perspectives on the effect of participation 
in the program. The teachers were asked to reflect on their own learning, network skills 
development, and the potential for the experience of participation having sustained effects 
on their own practice (n=16). They indicated that the professional development and 
workshops themselves well prepared them to mentor students during the research phase of 
the program. They also indicated that the network perspective was likely to continue to 
influence their approach to certain content in their teaching practice, and they were highly 
appreciative of the new technical skills, with these skills clearly being seen as having a 
distinct educational value.  
Further, the teachers tended to cite the value of the more theoretical learning, with a 
special emphasis on the innovative qualities of the NetSci High process. What the teachers 
learned through participation in this project was decidedly not something they were likely 
to have otherwise gathered (concepts such as nodes, edges, betweenness, clustering 
coefficients, centrality, and eigenvectors), and they also learned from each other during 
the intensive summer workshops. The teachers expressed appreciation of the new 
technical skills, tools and approaches, with these skills clearly seen as having a distinct 
Fig 1. Teacher and student participants at NetSci 
High intensive summer workshop at Boston 
University, July 2013. 
educational benefit, and they stated that their knowledge of network science had grown 
“exponentially” over the three years of the project and had given them a new perspective 
on this new and emerging field of science. The teachers also felt that the project helped 
them develop a comfort level in regards to supervising	 student	 research	 outside	 of	
their	area	of	expertise. 
3 Model II: Cross-Disciplinary Curriculum 
The next phase for bringing network science to teaching was curriculum development, 
based on the belief that once instructors had a grasp of the network science paradigm, they 
would be empowered to identify, develop, and test potentially effective interventions in 
instructional practice on their own. Further, it was believed that introducing network 
science in this manner would highlight its potential as a helpful tool for the teachers in 
their existing challenges rather than as an add-on to their workload, and specifically to 
explore whether connecting subjects thematically across multi-disciplinary classrooms 
could make difficult academic topics more accessible to students.  
The first workshop was for a multidisciplinary team consisting of the entire ninth 
grade faculty from a one of the Title 1 (87% low income, 97% minority) urban schools 
participating in NetSci High (Chelsea Career & 
Technical Education High School, New York City 
Public Schools). They were brought together to test 
the interdisciplinary approach in a one-day 
workshop at the New York Hall of Science in 2014. 
Teachers represented: English, Algebra, Global 
Studies, Special Education, Living Environment, 
Career Management, Graphic Arts, and Technology 
departments. The Assistant Principal also attended. 
Teachers received an introduction to network 
science through participation in a data-gathering 
exercise that resulted in a network visualization, 
plus several presentations of case studies–
illustrating how all of their teaching disciplines can 
use the network science approach–as well as an 
introduction to Gephi, network analysis and 
visualization software. During the second half of 
the day the teachers mapped their curriculum to network science concepts, and drew 
connections among their curricular themes in order to choose multi-disciplinary topics for 
lesson planning. Their task upon returning to their home school was to develop and team 
teach a lesson or unit of instruction.  
A short survey given at the end of the workshop showed a majority of the teachers to 
have a high degree of confidence in their grasp of Network science concepts. The teachers 
ranged from minimally to somewhat confidant in their understanding of network 
Fig. 2. 9th Grade faculty at teacher 
Professional Development January 
2014	
modeling, the use of Gephi, network research, and kinds of networks. They gave higher 
scores of somewhat to very confidant in their abilities to work in a group on the day's 
projects. A majority of teachers saw a need for more specificity in how to use network 
science to address curricular topics across disciplines. This pointed to what we understood 
to be the next step in the trajectory of this work: deeper, more interdisciplinary learning 
and practice. Topics the teachers surfaced that they considered good possibilities for using 
a multi-disciplinary approach using network thinking included: Medieval Europe; feudal 
Japan; the Islamic world; the Renaissance; African Kingdoms; the Reformation; absolute 
monarchs; early Latin American civilizations; world religion; systems of equations; 
inequalities; exponential functions; quadratic functions; abuse of power; gender roles; 
benefits of free republics; attaining power and influence; body cells and homeostasis; 
body systems and homeostasis; and cell function as it relates to body system function. 
One of the participating math teachers was able to use these new concepts to deliver a 
lesson plan to his students based on rumor profusion in Twitter in order to introduce the 
topic of comparing exponential to linear functions. 
4 Model III: Mapping Network Literacy to Learning Standards 
In July 2015, seven teachers from New York and Vista, California attended a two-day 
workshop at the New York Hall of Science focused on mapping the Network Literacy 
Essential Concepts to learning standards. The Network Literacy Essential Concepts were 
developed over a year-long period (2014-2015) as 
a response to the question: What should every 
citizen know about networks [11]? The teacher 
workshop was designed to test whether state-
mandated learning standards, such as the Next 
Generation Science Standards (NGSS) [12], could 
be more easily applied in the classroom through a 
network lens. This required an intensive period of 
review of the standards, including the Cross-
Cutting Concepts, a recent addition to learning 
standards, which lends itself to the application of 
Network science. (Examples of Cross-Cutting 
Concepts include Systems and System Models; 
Patterns; and Cause and Effect.)  Educators looked 
for specific standards that could be taught using 
Network Literacy concepts. Educators then developed lesson plans that both used network 
concepts and addressed specific standards. Examples of their lesson plans include: a 
network of counties based on energy usage; Hudson River food webs; and evidence of the 
common ancestry of diversity. However, it became apparent to workshop facilitators that 
there was a significant gap in teacher understanding of network applications in the 
classroom, necessitating further work.  
Fig 3. Educators mapping learning 
standards to Network Literacy 
Essential Concepts, July 2015	
5 Model IV: Interdisciplinary Learning  
The Networks in Classroom Education (NiCE) teacher workshop was held at the United 
States Military Academy at West Point as a four-day workshop in July 2017, supported by 
the U.S. Army Research Office [13]. Its goal was to educate teachers and administrators 
across K-12 instruction and nationally about network science and to enable those teachers 
and administrators to bring network science thinking and ideas to their students, schools 
and districts. During the workshop network thinking was not only presented as concepts to 
be taught to students, it was also actively utilized as a tool to make curriculum 
development and delivery easier and more successful, and to explore and explicate 
school-wide challenges. The participating teachers and administrators developed 
presentations and concrete lesson plans that utilized network science and network thinking 
in classroom practice. These lesson plans collectively demonstrate a tremendous 
opportunity to improve education by quantitatively identifying curricular elements central 
to interdisciplinary learning and sequencing the implementation of curriculum so that 
these central topics may be accessible to a greater range of students.  
During NiCE, we exposed 21 primary and secondary educators from around the U.S. 
to network science concepts and tools (10 from Central and Southern California, 7 from 
New York State, and 4 from North Carolina). The educators represented a wide range of 
disciplines - from STEM fields to the humanities - including specialty fields from reading, 
to music, to English as a second language, as well as age-ranges from pre-K to high 
school. In small groups, these educators worked together using network science concepts 
they were learning to develop network-
inspired interdisciplinary modules and 
lesson plans that they brought back to 
their schools–public, private, traditional, 
and charter–with the goal to enhance 
interdisciplinary learning that builds 
upon connections and better aligns 
education with the complex world it 
serves. Lesson plans developed during 
the workshop include: Balance 
Networks in Music Ensembles; 
Interdependent Relationships in 
Ecosystems: 3rd-5th Grade; Sharks, A 
Slice of NiCE; K-2 Network Science; Using Networks to Explore Nanotechnology; How 
Things Are Made (resource mapping); Networking in a Calculus Environment; Networks 
in World History; Networking Interdisciplinary Grade Level Standards; A World Without 
Fish, and Community Networking Within Two Schools. 
Results from a survey conducted with attendees indicated that participating teachers: 
believe that what they learned in the workshop is applicable to implementing science 
standards; can apply network science as an interdisciplinary approach to connecting 
Fig. 4. NiCE workshop attendees doing hands-
on network exercise. 
concepts across curricula; understand that network thinking can be empowering to 
students by providing relevant skills to solving a variety of real world problems and 
making connections; can both teach directly about networks and apply network science in 
unit planning for social studies, science, language, music, art, and math; network science 
provides more opportunities to both collaborate with other teachers as well as to cultivate 
collaboration among students; network science can provide opportunities for students to 
visualize and play with data; and teachers are eager and willing to learn more about 
network science to improve practice. 
The output of these teachers in the NiCE workshop constitutes a nexus of what the 
authors learned from in the previous workshops. It was by far the most successful in terms 
of how deeply the teachers demonstrated a capacity to understand and apply the network 
paradigm to developing classroom resources, align them with standards, and engage in 
discourse around the synthesis of their prior knowledge and the new knowledge of 
networks, the science of connections. 
6 Conclusions 
The creation and execution of teacher professional development in network science, 
described herein, constitutes an evolution in both the understanding of the needs of 
teachers, and a deeper understanding of the degree to which network science is a radical 
shift in thinking about science and learning in general. The transdisciplinary nature of 
network science does not fit the reductive paradigm normally used to design curriculum, 
to chunk knowledge into pieces and deliver them as instruction, and to test student 
knowledge based on this reductive and disconnected approach. The value of bringing 
network science to teaching helps to introduce process skills, knowledge of complexity, 
transdisciplinarity, and analytical methods to science and math, all of which are now 
demanded of teaching with the Next Generation Science Standards. But as the NiCE 
workshop demonstrates, it also requires a tipping point in seeing connections and applying 
network science across disciplines and throughout grades.  
7 Next Steps 
As this work advances, network science might not only function as an effective way into 
instruction and learning of advanced skills and knowledge in data-driven science, but may 
also act as a bridge to new process-oriented standards, and advance teaching practice 
overall. We will continue to build on these ideas to create more effective learning settings 
for network science and opportunities for teachers to use network science to improve 
practice. And we will continue to test and validate the alignment of the Network Literacy: 
Essential Concepts and Core Ideas to NGSS and other emerging learning standards to 
build bridges between network literacy and teaching and learning communities, and 
expand teacher training, curriculum and resource development across learning settings.  
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